
138 U.S. Department of Energy Journal of Undergraduate Research 

http://www.scied.science.doe.gov

MEASUREMENTS OF HIGH-FIELD THZ INDUCED PHOTOCURRENTS IN SEMICONDUCTORS

 MICHAEL WICZER AND  AARON LINDENBERG

M ichael Wiczer was born in Albuquerque, NM and grew up partly in 
Albuquerque followed by Buffalo Grove, IL.  He studied engieering 

physics with an interest in mathematics at the  University of Illinois at Urbana-
Champaign where he was involved with molecular spectroscopy research in the 
physical chemistry department.  He held a SULI internship at the Stanford 
Linear Accelerator Center in summer 2007.  He plans to pursue a Ph.D. in 
some incarnation afterwards.

Aaron Lindenberg is an assistant professor with joint appointments 
at Stanford University in the Materials Science and Engineering 

Department and in the Photon Science Department at the Stanford Linear 
Accelerator Center.  He received his Ph.D. from the University of California, 
Berkeley in 2001 for the development of picosecond x-ray techniques and 
the study of ultrafast structural properties in semiconductors at atomic-scale 
resolution.  His current research activities are focused on the ultrafast properties 
of materials, probed using light from the THz to the x-ray spectral range.

ABSTRACT

THz pulses have provided a useful tool for probing the time-resolved dynamics of free carriers in a system.  However, 
the development of methods to produce intense THz radiation has been slow.  We have developed a method for 
producing intense ultra-short THz pulses, which have a full width at half maximum of 300 fs — approximately a 
half cycle of THz radiation.  These intense half cycle pulses (HCPs) allowed us to use THz radiation as a source of 
excitation.  By exposing the semiconductor indium antimonide (InSb) to intense THz HCP radiation, we have observed 
non-linear optical effects which suggest the generation of new free carriers by below band-gap THz photons.  This 
generation of free carriers appears to be due to an avalanche multiplication process which then induces a current 
in the time-scale of our THz pulse.  This amplifi cation on such a short timescale suggests the possibility of an ultra-
fast detector of weak above band-gap radiation.  We constructed a device which detects these currents by painting 
an electrode structure on the surface of the semiconductor.  The currents induced across the electrodes by this 
avalanche multiplication process were measured and compared with other measurements of this non-linear optical 
process.  We successfully measured THz induced currents in InSb, suggesting promise towards the development 
of an ultra-fast detector.  Further, we have gained insight into a possible physical explanation of the THz induced 
free carriers we observe in InSb.

INTRODUCTION

Ultra-fast THz (1012 Hz) radiation has proved tremendously 
useful for probing time-resolved dynamics in a variety of systems 
[1].  Traditionally, a sample is excited or set into motion in some way 
(i.e., by a “pump” such as an IR-laser pulse or synchrotron radiation 
pulse) and at various times following this excitation, a THz pulse 
passes through the sample and “probes” its state at that instant.  THz 
radiation is an extremely good probe of systems because each THz 
photon has very low energy (1 THz photon ~ 4 meV).  Thus, the 
radiation is absorbed by free electrons in the system (a detectable 
effect), but the small increase in the energy of the free electron has no 
discernible effect on the system.  Although this has been a powerful 
tool for studying dynamics for some time, we are beginning to 
learn that — at high enough intensity — THz radiation can act as 
a valuable source of excitation (“pump”) for a system.

Promising new techniques generate THz radiation by optical 
rectifi cation [2] not limited in intensity by a threshold for damaging a 
non-linear optical crystal.  We have developed one such experimental 
setup which uses a plasma in air as a nonlinear optical element.  For 
our purposes, the THz radiation generated by this method is only 

limited by the intensity of incident 800 nm and 400 nm laser light.  
With this tool, we can begin to study ultra-fast dynamics using THz 
radiation as a pump.

One such experiment employing this high intensity THz 
radiation studies its interaction with semiconductors.  In an 
experiment which preceded this work [3], indium antimonide 
(InSb) was placed in the path of the THz beam and absorption 
was measured.  Since the photons had much lower energy than the 
band-gap of the semiconductor (4 meV << 170 meV), one would 
not expect the THz radiation to increase the number of free carriers 
in the semiconductor.  Instead, the THz absorption should provide 
a measure of the number of free carriers currently present in the 
semiconductor (due to thermal excitation).  However, we observed 
that THz radiation at high enough intensity generates new free 
carriers.  This phenomenon was measured by using the THz pulse 
as a probe of its own interactions.  To supplement the previous 
experiment, the work presented here attempts to understand the 
process by observing a current generated by the new free carriers.

Our THz radiation is short enough (~300 fs FWHM) to be 
considered a half-cycle pulse [4].  In this case, the integral of electric 
(or magnetic) fi eld over all time is 0, but one half-cycle of the electric 
fi eld is much stronger than all others (Figure 1).  This half cycle peak 
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is strong for long times compared to certain free electron processes 
in InSb and therefore shares some properties with an applied DC 
fi eld.  Accelerated from this quasi-DC fi eld, free electrons can 
collide with valence electrons and, if there is enough energy, create 
new electron-hole pairs.  The new conduction band electrons can 
now feel the electric fi eld and accelerate into valence electrons to 
produce even more electron-hole pairs [4–6].  Upon investigating 
this process — avalanche multiplication — we observe that the 
ultra-fast, high intensity THz radiation provides for an experiment 
which isolates certain physical processes extremely well.  While in 
bulk systems electron-electron collisions in the conduction band 
and electron-phonon coupling prove signifi cant, both of these 
processes occur on much longer time-scales than our experiment.  
Furthermore, fi elds this intense are generally unable to penetrate 
the surface of the semiconductor material, which breaks down at 
much lower fi elds.  The ultra-fast nature of the pulse once again 
allows for the pulse to excite the sample before it breaks down and 
the fi eld is not screened.

This setup may assist the development of an ultra-fast detector.  
Our THz radiation can multiply the number of free carriers in the 
semiconductor and produce a current in very short timescales.  
This amplifi cation can be harnessed by the construction of a 
photoconductive dipole antenna [7–8].  By placing two electrodes 
on the surface of the sample with the polarization of the THz beam 
pointing across the electrodes, the THz beam will sweep and multiply 
any newly generated free carriers (i.e. by an above band-gap photon).  
This device, which generally uses a known pulsed laser to detect 
small THz signals, can use a known THz signal to detect small laser 
signals with high gain and very fast response — as fast as the THz 
pulse length.  As yet, no detection method this fast exists.

MATERIALS AND METHODS

We generate high-intensity THz pulses with a Ti:Sapphire 
laser system.  A mode-locked Ti:Sapphire oscillator produces weak, 
25 fs pulses, which are then sent to a regenerative amplifi er to be 
amplifi ed using chirped pulse amplifi cation (CPA) [10].  The fi nal 
laser pulses have total energy of approximately 1 mJ, pulse length 
of 50 fs, wavelength centered at 800 nm (full width half maximum 
spanning from about 775–825 nm), and a repetition rate of 1 KHz.  
These laser pulses are then passed through a β-barium borate (BBO) 
frequency-doubling crystal to produce 400 nm light collinear 
with the original 800 nm light.  As described by Bartel et al, if 
this beam is focused to a small enough waist to ionize air — and 
has an appropriate divergence angle for optimal phase matching 
— a 3rd order non-linear optical effect will produce a quasi-DC 
electromagnetic fi eld.  Since the pulse duration for the incoming 
laser beams are so short, this quasi-DC fi eld takes the form of an 
ultra-short THz pulse [4].

A sample photoconductive antenna is constructed in order 
to test both the physics of the interaction between intense THz 
radiation and semiconductor samples as well as the potential 
development of an ultra-fast photoconductive switch.  Using silver 
paste two vertical electrodes, approximately 5 mm in length and 
separated by 500 µm, were painted onto the InSb sample.  Although 
InSb is a semiconductor, its extremely narrow band-gap allows for a 
high density of free carriers even at room temperature (2x1016 cm-3).  
Thus, it has a relatively low resistivity, and the resistance across the 
two electrodes was measured to be approximately 50 Ω.  Since the 
heat of a soldering iron damages the semiconductor material, wires 
were attached to the surface of the semiconductor with epoxy, and 
electrical contact with the electrodes was ensured with additional 
silver paste.  In order to minimize the amplifi cation of ambient 
electrical noise, wire directly from a coaxial cable was mounted 
to the sample and cable length was minimized (Figure 2).  The 
current across these electrodes was input to a current amplifi er 
(Stanford Research Systems SR570) set to a gain of 1 pA/V.  This 
was the most sensitive gain setting on the current amplifi er, and 
thus the output from the amplifi er was slow (output time constant 

Figure 1. A half-cycle pulse of THz radiation acts as a directional electric 
fi eld for short times.

Figure 2. Electrodes attached to InSb surface with silver paint and 
epoxy glue.
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of 3.5 s).  An optical shutter (Thorlabs SH05 shutter with Thorlabs 
SC10 controller) modulated the beam at 0.2 Hz.  A reference signal 
from this shutter and the output of the current amplifi er were 
synchronized using a lock-in amplifi er (SR830) acquiring with a 
time constant of 100 s.

This type of device has been used extensively in the past to detect 
THz radiation [8].  When used with a semiconductor having carrier 
lifetimes of approximately the width of the THz pulse or less, the 
current induced across the electrodes increases linearly with electric 
fi eld amplitude for low fi elds.  If the carrier lifetimes are much 
longer than the width of the THz pulse (as in InSb) and no new free 
carriers are induced, a free carrier feels the electric fi eld of the THz 
pulse for a very long time, and the current across the electrodes is 
approximately zero.  If, however, new free carriers are induced, then 
the average conduction band electron loses energy at every collision.  
The electron no longer feels the electric fi eld uninterrupted for the 
entire width of the pulse.  Rather, during the positive portion of 
the pulse, the energy decreases.  The now slower free carrier then 
feels the rest of the fi eld, which reduces its velocity further until the 
net velocity of free carriers is in the direction opposite the direction 
the charge was accelerated during the THz pulse.  This results in a 
net current indicative only of the free carriers generated during the 
positive portion of the THz pulse (Figure 3).  The expectation at high 
THz intensity is that, once the fi eld reaches an impact-ionization 
threshold, additional free carriers will be generated and a current will 
form.  We measure the dependence of current on incident electric 
fi eld by focusing our THz beam to a small waist and translating the 
sample along the direction of propagation of the THz beam.  At the 
beam waist, the electric fi eld amplitude will be greatest and, as the 
sample is translated away from the waist, the amplitude decreases.

The intention is that we acquire data as the photoconductive 
antenna translates along the propagation axis of the focusing THz 
beam.  This data then needs to be calibrated to be expressed against 
peak electric fi eld instead of position.  To this end, we mapped the 
THz beam as it propagates.  We use a bolometer, which measures 
the total THz intensity incident on the detector.  Spatial resolution 
is provided by blocking all THz radiation except that which passes 
through a narrow slit (Figure 4).  The slit is open to a small portion 

of the THz beam’s longitudinal profi le at a particular propagation 
distance; the THz intensity incident on the bolometer is a measure 
of the THz intensity at the position of the slit.

RESULTS

Modeling 

In order to characterize the physical processes involved in our 
experiment, we must produce a model which predicts a signature 
of the suspected physical process which might be measurable.  We 
produce a simple “order-of-magnitude” model for the current 
generated by avalanche multiplication induced by THz radiation 
in InSb.  Since the THz wavelength is long and the pulses intense, 
it is an accurate picture to consider the effect of the bulk electric 
fi eld created by the THz radiation as opposed to multi-photon 
absorption — which is a much more complex description of the 
process.  The traditional treatment of semiconductors exposed 
to fi elds as high as the peak fi eld of the THz HCP we generate 
(approximately 200 KV/cm) is to suggest that a free electron reaches 
a saturation velocity because of the increased number of collisions 
at fi elds this high.  Furthermore, avalanche breakdown will occur, 
the semiconductor will become a conductor and fi elds will be 
screened.  However, the THz pulses we generate are short enough 
that relatively few collisions occur.  Hence, the electron can — for 
this short duration — transport through the semiconductor at 
velocities much greater than the saturation velocity, and fi elds much 
greater than the breakdown fi eld of the semiconductor can penetrate 
the sample.  Thus, a “hot-electron” transport model — one where 
the electron has a fi xed energy incident on the material — appears 
more appropriate than a high-fi eld transport model — one where 
the electron starts at rest and then is accelerated.  Kane developed 
a model for the rate of impact ionization collisions — collisions 
with valence electrons which create new electron-hole pairs — as 
a function of a hot electron’s kinetic energy [5].  Based on Kane’s 
“random-k” approximation, we fi nd that — if the hole effective mass 

Figure 3. A free electron which is subject to a THz HCP for long times 
has velocity qualitatively depicted in the top trace. For every ionization 
event, not only are total free carriers doubled, but the net velocity after 
long times becomes non-zero (bottom two traces).

Figure 4. Width between narrow slits is adjusted by micrometer position. 
Only THz radiation at a specifi ed position reaches the bolometer when 
the slits are positioned in front of the THz beam.
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is much greater than the free carrier effective mass — the collision 
rate, ω(E), is related to the following integral expression [5]:

where E
1
 is the energy of the initial hot electron and E

4
 is the energy 

of the valence electron which interacts with the initial hot electron.  
Once the hot electron interacts with the valence electron, the hot 
electron loses energy and the valence electron gains enough energy 
to enter the conduction band.  This produces two fi nal electrons 
in the conduction band with energies E

2
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3
.  The conservation 

of energy condition is that E
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).  φ
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function of the conduction band and φ
v
 is the density of states for 

the valence band.  If we assume a parabolic band structure, these 
functions become:

where m
c
 is the effective mass of a free electron (0.014 m

e
 in InSb) 

and m
v
 is the effective mass of a hole (0.43 m

e
 in InSb).  This integral 

was evaluated and the constant of proportionality was determined 
by calibrating our results to previous Monte-Carlo calculations of 
low-energy impact ionization rates in InSb [6].  The calculated 
collision rate is given in Figure 5. 

Using this, we must now consider that the electron, in fact, starts 
at rest and is accelerated.  The instantaneous collision probability 
per unit time, P(t), must satisfy:

where t
0
 is the time for the electron to accelerate to the threshold 

energy and E(t), under a constant fi eld, is given by   
For various fi eld strengths, P(t) and, in turn, the average times for 
the fi rst ionizing collision were calculated.  The dependence of 
collision time on applied fi eld (assuming a constant fi eld) τ(F) was 
found to be given by τ(F) (F  –  F

t
)-0.9 (Figure 6), where F

t
 is the 

threshold fi eld for impact ionization.  If we approximate our THz 

pulse as a squ are wave, we can generate an approximation for the 
multiplication factor:

M(F )=2
t p/τ (F),

where t
p
 is the width of the pulse.  It is important to note that 

many assumptions have been made which result in considerable 
uncertainties in the multiplication factor.  However, this rough 
modeling is likely suffi cient for purposes of distinguishing between 
distinct potential underlying processes.  For instance, one might 
suggest an alternative scenario that free electrons are generated by 
the THz fi eld distorting the band-gap of the semiconductor.  In 
this case, the THz fi eld would interact with valence band electrons, 
which have effective masses nearly 30 times that of the conduction 
band electrons.  Clearly these physical processes would have to be 
very different and order-of-magnitude discussions provided here 
may prove useful in clarifying the physical situation.

Experiment

Using slits to provide spatial resolution to our bolometer 
measurement (as described in Materials and Methods section), 
we acquired a map of the intensity profi le of the THz beam as it 
propagates (Figure 7).  After extracting the intensity peak at each 
position along the propagation axis (and then taking the square root 
of intensity) we were able to extract the relative peak electric fi eld as 
a function of position along the propagation axis (Figure 8). 

Once the THz beam profi le was achieved, the electrode structure 
(Figure 2) was placed at the focus of the THz beam.  Current was 
measured where the electrodes were placed at various longitudinal 
positions along the beam profi le (Figure 9).  The width of the current 
profi le was approximately 750 µm FWHM, which is comparable to 
the width of the THz intensity profi le at the focus.  This suggests 
that the current measured is, in fact, induced by the THz beam.  We 
then placed the electrode structure at various positions along the 
propagation axis of the THz beam (Figure 10).  The current profi le 
was much broader than the intensity profi le of the THz beam.  Some 
current was found when no THz radiation was generated but 800 nm 
IR radiation was incident on the electrode gap.  This suggests that 
the current profi le of the THz beam may have been broadened by 
scattered IR radiation.

Figure 5. Probability of ionizing collision per unit time vs. electron 
kinetic energy.

Figure 6. Expected time for fi rst ionizing collision vs. applied fi eld.
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Figure 7. THz beam intensity contour plot.

DISCUSSION AND CONCLUSIONS

We have tentatively observed THz induced photocurrents on 
300 fs timescales.  The mere existence of this photocurrent is valuable 
as it shows promise as an ultra-fast, high gain photoconductive switch 
— a fast detector of weak above-band-gap radiation.  Although these 
data have not yet been related to similar absorption measurements, 
we expect that after repeating our photocurrent measurements with 
improved scattered light cancellation the relation between absorption 
and photocurrent measurements will become apparent.

The differences between the fi eld dependence of photocurrent 
and absorption measurements should be caused by differences in 
the frequency dependence of the two measurement schemes.  Thus, 
in order to attempt to describe these differences, it is valuable to 
speculate about frequency dependences.  The frequency response 
of the bolometer that was used for absorption measurements favors 
higher frequencies.  Furthermore, in low-intensity conditions, InSb 
absorbs low frequency THz radiation considerably more than higher 
frequency THz.  This suggests that our absorption measurements, 
which indicate an increase in free carriers, are mostly providing 
insight in the response of InSb to higher frequency THz radiation.  
Based on the impact ionization model, we understand that the 
width of the HCP is extremely signifi cant to the gain generated 
by avalanche multiplication.  Lower frequency components help 
to broaden the HCP.  Our understanding of the photoconductive 
antenna, on the other hand, suggests that it can provide insight 
into the response of InSb to low as well as high THz frequencies.  
This is because the electrodes are on the surface of the sample, so 
absorption effects through the depth of the sample are insignifi cant.  
Furthermore, our understanding of the mechanism which generates 
photocurrents suggests that the current is much more sensitive to the 
properties of the electric fi eld of the THz pulse as a function of time 
as opposed to the frequency components.  The lack of frequency 
discrimination in the photoconductive antenna and the observation 
that the effects of impact ionization are amplifi ed by the present 
of low frequency THz radiation suggest that the photoconductive 
antenna should be more sensitive to these non-linear effects than the 
absorption measurements.  Thus, currents should begin to develop 
at lower peak intensity than increased absorption began.  This seems 

Figure 8. Peak THz electric fi eld vs. propagation distance as beam is 
focused.

Figure 9. THz induced current vs. position along beam profi le at focus 
of THz beam.

Figure 10. THz induced current vs. propagation distance as beam is 
focused. This trace is about twice as broad as the non-linear features 
observed in absorption measurements.
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to support our tentative results that the current profi le is broader 
than the absorption profi le of the THz beam.  It does not change 
the fact that scattered IR light may have played a signifi cant role 
in broadening the current profi le, but a broader profi le is expected 
nevertheless. 

Necessary further investigation includes the repetition of our 
measurement of the photocurrent profi le with the effects of scattered 
IR light being reduced.  Furthermore, we would like to repeat 
our measurements at low temperatures.  This will provide direct 
evidence for whether the non-linear effects we observe are produced 
by conduction band electrons or valence band electrons since, as 
the conduction band electrons are reduced, the effect will be either 
enhanced or reduced.  Finally, we should refi ne our photoconductive 
antenna design for use as an ultra-fast photoconductive detector.
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